Pritchard and Zaritsky (6) showed that in certain thymine-requiring bacteria the velocity of the chromosome replication fork can be varied by changing the concentration of the thymine supplied in the growth medium. In the experiment they called a "step-up," they transferred bacteria from low to high thymine concentrations and observed that accumulation of deoxyribonucleic acid (DNA) immediately accelerated, although the mass doubling time was not affected. Later after the step-up, DNA accumulation returned to the doubling time of the mass, but the DNA mass ratio remained at the new, higher steady state. The "step-up" is then distinct from and complementary to the nutritional "shift-up" (5) . In the nutritional shift-up, the mass doubling time (T) decreases but the time required for chromosome replication (the "C" period as defined by Cooper and Helmstetter [31) remains constant. In the Pritchard and Zaritsky step-up, the C period decreases (since the replication fork velocity is increased in the higher thymine concentration), but T is constant. Just as analysis of the nutritional shift-up has proven to be important in investigating the control of ribonucleic acid (RNA) and protein synthesis (5) , analysis ofthe step-up experiment is important in studying the regulation of DNA replication. In addition, since the step-up results in an altered DNA/ mass ratio but the net synthesis of RNA and protein is unaffected, there must be changes in the rate of transcription per DNA or per average gene. Thus an understanding ofthe step-up is also important for the problem of regulation of gene transcription.
Pritchard and Zaritsky used an evaluation of their step-up experiments that enabled them to calculate a relative post-step value of the C period compared with an assumed pre-step value (or vice versa). In the present study we have extended Pritchard and Zaritsky's analysis of the step-up experiment and have derived the theoretical relation between replication initiation, termination, and DNA accumulation after a step-up. With this theory it is possible to determine absolute values of the replication times before and after the step-up rather than relative values. The theory also suggests a method to answer the question of whether the cell mass per replication origin at the time of initiation varies with the length of the C period. For a 2.5-fold change in C, our data do not show a measurable change in the initiation mass per origin.
The purpose of this paper is to present the theory on which the new method of evaluation is based and to give an example of its applicability by showing an actually observed step-up with a newly isolated thy-derivative of the Escherichia coli B/r strain (ATCC 12407) used by Helmstetter and Cooper (3) . The results obtained are essentially the same as those ob-served previously with thy-derivatives of other E. coli strains (6) . We will present elsewhere (manuscripts in preparation) detailed experimental results for the C period in E.. coli B/r using various conditions of growth (thymine concentrations, doubling times) and using both this and another method.
MATERIALS AND METHODS
Bacterial strain and growth conditions. The bacterial strain used in this study was TJK16, a spontaneous derivative of E. coli B/r ATCC 12407 (the strain used by Cooper and Helmstetter [3] ), isolated and kindly made available by T. J. Kwoh. It is FthyA drm, obtained by trimethoprim selection, and is less than 2% leaky as measured by incorporation of radioactive uridine into alkali-insoluble, trichloroacetic acid-precipitable material in the absence of exogenous thymine (data not shown). Cultures were grown at 37°C in C medium (4) supplemented with 0.2% (wt/vol) glucose, an artificial mixture of all 20 amino acids, each to a final concentration of 0.05% (wt/vol) (50 jug/ml), and an appropriate concentration of thymine. Aeration was performed by vigorous bubbling. All cultures were inoculated with a 1:1,000 dilution of a fresh overnight culture containing 20 Ag ofthymine per ml. Under these conditions, a constant doubling time of 29 min was maintained for at least one generation before and after the experimental period.
Measurement of DNA synthesis before and after a change in thymine concentration. Medium containing 1 ,ag of [2-'4C]thymine per ml (Schwarz/ Mann; final specific activity, 0.01 juCi/,ug) was inoculated, and the absorbancy at 460 nm and accumulation of DNA were monitored. Optical density was followed by using a Zeiss PMQII spectrophotometer. For estimation of DNA, samples (0.5 ml) were removed at intervals into 1.0 ml of a solution of 1 M trichloroacetic acid containing 2 M NaCl and kept on ice. After at least 30 min, the precipitates were collected on Schleicher and Schuell membrane filters (0.45-j,m pore size), washed with cold 0.01 M trichloroacetic acid, dried, and placed in vials with 5.0 ml of toluene-based scintillation fluid. Radioactivity was determined by using a Beckman LS-100 scintillation counter.
At an absorbancy at 460 nm of 0.4, the culture was diluted twofold into fresh, prewarmed, aerated medium to give a final thymine concentration of 20 ,ug/ ml. The specific activity remained constant. Optical density and DNA accumulation were followed for 1 h after the change in concentration of exogenous thymine. The doubling time was unaffected by this treatment.
THEORY Principle of approach. The following theory has several sections. At first [section (i), below], we describe the relation between the number of chromosome origins for replication initiation, termini, replication forks, replication time (C), DNA content, and doubling time of an exponentially growing, steady-state culture. The doubling time and DNA content are easily observable, and it requires measurement of only one additional parameter to determine all remaining parameters. For example, the equations derived in this section can be used to find C from the number of origins measured by hybridization techniques (1) . We have chosen another approach, based on an evaluation of step-up experiments (for definition of step-up experiments, see introduction).
In the following section (ii), we extend the theoretical analysis to the time after a step-up. It turns out that the more complex shape of the DNA accumulation curve during the transition period between the two steady states (i.e., immediately after the step-up) contains information about all the parameters listed above. In fact, there are now two replication times, Cl before and C2 after the step-up; both can be determined from the kinetics of DNA accumulation. In this section, the effect of the stepup on the rate of DNA synthesis (number of replication forks) is derived.
The next three sections (iii, iv, v) deal with the accumulation of DNA and the evaluation of its kinetics, mainly to find Cl and C2.
The final section (vi) deals with a particular aspect of the evaluation, the question of whether the cell mass per replication origin is affected by the step-up.
Definitions. I is the number of chromosome origins (i.e., initiation sites for DNA replication) per milliliter of culture. T is the number of chromosome termini per milliliter of culture. F is the number of replication forks per milliliter of culture. G is the amount of DNA in genome equivalents (8.2 x 106 nucleotides for E. coli) per milliliter of culture. Cl is the time (in minutes) to replicate a chromosome before the step-up (t < 0). C2 is the time (in minutes) to replicate a chromosome after the step-up (t > 0). T is the doubling time (in minutes) of cell mass, protein, and RNA before and after the step-up. Io, To, Fo, and Go are I, T, F, and G, respectively, at t = 0 (step-up time).
(i) Initiation, termination, and DNA replication forks during steady-state growth. 
Downloaded from
The difference "chromosome origins minus chromosome termini" is equal to the number of replication forks if replication is unidirectional; for bidirectional replication, two replication forks are created for every initiation and disappear again after termination, such that F= 2(I -T) (3a) or, substituting equations 1 and 2a: F = 2I(1 -2-C/T) (3b) Each replication fork "synthesizes" DNA at a rate of (1/2)/C, i.e., one-half genome equivalent per replication time C. Thus, the rate of DNA synthesis in a culture is:
The rate of DNA synthesis can also be found from the exponentially increasing amount of DNA (see section iii, below) and hence is described by equation 1, then the termination after t = C2 reflects initiations that have occurred after t = 0, i.e., for t > C2 (see equation 2a, above):
According to equations 10 and 2b, the curve log T versus time shows two discontinuities (breaks); the first one at t = 0 and a second one at t = C2 (Fig. 1) . Substituting equation 1 forI and equation 10 or 2b for T into equation 3a gives the number of replication forks after a step-up.
In equations 11 and 12, I0 and To are constants that can be found from the amount of DNA (per milliliter of culture) at t = 0, Go, using equations 8 and 9, respectively. For t = C2, both equations 11 and 12
give:
Combining equations 4 and 6 and solving forF gives:
Substituting equation 7 into equation 3b and solving for I gives the number of replication origins as a function of the amount of DNA (G), the doubling time (r), and the replication time (C):
Similarly, the number of termini is obtained by combining equations 8, 2a, and 1:
These relationships are illustrated in the example of (ii) Effect of a step-up on the rate of DNA synthesis. At a step-up (at zero time), the pre-step replication time C1 shortens suddenly to the poststep replication time C2; hence all terminations that would normally (without step-up) occur during the time interval between zero and Cl will now occur during the shorter interval between zero and C2. This is illustrated in Fig. 1 for an example in which it is assumed that Cl = 80 min, C2 = 40 min, and T = 30 min. The acceleration factor is equal to the ratio C1/C2, such that the terminations between zero and (11,12) The kinetics of the change in the number of replication forks after a step-up described by equations 11 and 12 are illustrated in Fig. 1 .
(iii) Effect of a step-up on the accumulation of DNA. The DNA accumulation between zero time (step-up) and t = C2 (in genome equivalents per minute per milliliter of culture) is found from equation 4:
dG F
dt =2C
by substituting equation 11 for F, setting C = C2, integrating from zero to t, and further substituting equations 8 and 9 for Io and To, respectively. The resulting equation describes the DNA accumulation in the stepped-up culture in genome equivalents per unit of culture volume:
for 0 < t < C2 where 
These kinetics are illustrated in Fig. 2 .
(iv) Change in DNA/mass ratio. The amount of DNA in a stepped-up culture increases faster than the DNA in an unstepped-up control culture (Fig. 2) . The ratio of the amount of DNA in the stepped-up culture at time t (given by equations 13 and 14)
over the DNA in the control (= Go2"r) will be designated as AG( (Fig. 2, lower curve) . Since the accumulation of mass is not affected by the step-up (i.e., mass increases in both cultures according to the function Mo21lT), AG, also represents the change in the DNA/mass ratio, GIM, after t min at the higher thymine concentration. The final change in this ratio is designated AG.,, given by: (v) Determination of C from the step-up kinetics. Both Cl and C2, i.e., the replication times of the chromosome before and after the step, can be determined from the post-step kinetics of DNA accumulation. The ratio C1/C2 is given by the change in the slope of the kinetics at t = 0, since immediately after the step-up it is just the acceleration of the preexisting forks that determines the change in DNA accumulation. The absolute value of C2 is given by the time at which the kinetics in the semilog plot (Fig.  2) become linear.
For the accurate determination of C2, the square root of the difference AG. -AG, is plotted versus t;
the intercept ofthis function with the time axis is C2 (Fig. 3) . For a mathematical description, the symbol F will be used, defined by:
For t = 0, F represents the (final) increase in the DNA/mass ratio caused by the step-up (equation 15). For any t > C2, r = 0. Between zero and C2, F decreases nearly parabolically to zero such that JR decreases nearly linearly (Fig. 3 Fig. 1 (parallel because during final steady-state growth in the post-step medium the slopes of all curves in Fig. 1 This consideration suggests a direct method to determine whether the initiation mass depends on C: one may follow the accumulation of chromosome origins after a step-up. For example, with a transduction assay (2) or with a hybridization assay (1), an unchanged exponential increase in the number of origins after the step-up indicates an unchanged initiation mass. However, it is also possible to answer this question from an evaluation of the kinetics of DNA accumulation after the step-up, which can be measured more easily.
Any changes (i.e., horizontal parallel shifts) in the origin kinetics (origin curve in Fig. 1 ) cause corresponding changes in the terminus kinetics, only with a delay ofC2 min (equation 2a). Hence, the late sections of the kinetics of replication forks (equation 3a) and of DNA accumulation are shifted similarly as in the I curve. Immediately after the step-up, however, the kinetics of DNA accumulation reflect only the acceleration of the replication forks; i.e., the kinetics are completely determined by the (C1/C2)-fold increase in the slope and are not affected by changes in the initiation mass. Thus, changes in the initiation mass cause distortions in the kinetics of DNA accumulation such that they can no longer be described by equation 13a or 17.
These distortions are evaluated from the v/Pr curve as follows. Let us assume the ratio C1/C2 has been observed in a particular step-up experiment to be 4:1 (r = 30 min). If there were no change in initiation mass per origin, then an infinite number of roughly parallel /F curves would be consistent with this 4:1 ratio, two of which are illustrated in Fig. 3 . Now assume that the final part of the v'Vcurve intersects the time axis at t = 40. This could mean either that the initiation mass has in fact not changed, as assumed in Fig. 3 , and therefore C2 = 40, or that the initiation mass may have changed and therefore C2 * 40. Any shift of the origin curve (Fig. 1) to the right (= increase in the mass/origin ratio; see above) would delay the time at which the DNA accumulation becomes exponential, and hence it would delay the time at which r' = 0 and at which the /F curve intersects the time axis. Thus, if the mass/origin ratio had increased, C2 would actually be smaller than the observed t = 0 intercept of the v curve (in this example, C2 < 40); correspondingly, a decrease in the mass/origin ratio means that C2 is actually greater than the observed intersection value. To see whether such a change in the mass/origin value has occurred or not, we observe the intersection of the \/i-curve with the ordinate (reflecting the final change in the DNA/mass ratio). If there was no change in the mass/origin ratio, then v'T should be equal to 1.21 (Fig. 3, value In contrast, one may find that v/i' is 0.65 and that the observed V/Pcurve corresponds to the curve calculated for a C1/C2 ratio = 2 (Fig. 3) . This would indicate an increase in the origin/mass ratio and hence a smaller C2 (see above). For example, if C2 were equal to 20 min, then without a change in the initiation mass/origin the curve indicated by triangular symbols might have been observed, but the right (or downward) shift of the origin kinetics produces a rightward shift of the intersection with the time axis (i.e., from 20 to 40 min) and simultaneously a downward shift (equivalent to a rightward shift) of the final DNA accumulation curve and thus a reduction of vI's (i.e., from 0.87 to 0.65). As Fig. 3 shows, this curve is inconsistent with an initial slope increase (Cl/C2) = 4:1.
In conclusion, any change in the initiation mass/ origin ratio after a step-up results in \/R kinetics that are not consistent with the observable (C,/C2) ratio. Figure 4a shows the results of a step-up experiment from 1 to 20 ,ug of thymine per ml. Although there is no detectable change in the mass doubling time, there is an immediate change in the kinetics of DNA accumulation similar to that predicted in Fig. 2 and observed previously by Pritchard and Zaritsky (6) . After normalization of the data to Go = 1 (Fig.   4c ), the function \-G7 -AGi (Fig. 4b ) was calculated as follows. AG, was calculated as the quotient G(t)/2"1T. The average of the final six values of AG, was taken as AG.. Thus the final values of V`G-AG, must have an average value of zero, which defines the height of the abscissa in Fig. 4b . The best-fit straight line extrapolated to a value of 33 min on the abscissa, indicating that C2 is equal to 33 min under these conditions. In the calculation of AG,. (as an average from six values), it was implied that the scatter in the final points was random. This means that the final values of /Go -3-Gt-in Fig.   4b should cluster around zero with a Gaussian distribution. It is possible that this condition is not met: for example, the positive values of VA'G& -AG( among the final samples in Fig. 4b could be due to spillage rather than random sampling error such that the true values are those clustering around -0.2 (corresponding to a 3% higher final curve in Fig. 4a) Fig. 4c ). This curve is seen to describe the observed data points very accurately (+3%). In a repeat of this experiment for a step-up from 1.3 to 20 ,ug of thymine per ml, we found C, to be 66 min and C2 to be 35 min. The effect of the step-up is assumed to be brought about by an increased size of the intracellular pool of thymidine 5'-triphosphate (TTP), which is limited by the (thymine concentration-dependent) rate of thymine uptake and which itself limits the rate of DNA chain growth. Since the cells cannot synthesize thymine and the specific radioactivity of thymine was kept constant during the experiment, there could not have been any effect of pool equilibration on the kinetics of incorporation of radioactivity into DNA. The only conceivable effect would be a slow rather than a stepwise increase in the TTP concentration, but the observed stepwise increase in the rate of DNA accumulation (Fig. 4a) indicates that the increase in TTP is not measurably delayed.
EXPERIMENTAL

DISCUSSION
The kinetics of DNA accumulation after the step-up in Fig. 4a are similar to those found in previously published experiments (6) . Using the method of evaluation described in the first part of the paper, we have determined that for this particular strain growing in 20 ,ug of thymine per ml the C period has an average value of 34 min (two experiments) for glucose amino acid cultures. This is somewhat shorter than the values obtained for the wild-type parent of this strain by Helmstetter and Cooper, and also shorter than our estimates using an independent method (manuscript in preparation). The average of all our experimental results is 37 min. Presumably the difference between this and Helmstetter and Cooper's value of41 min is mainly due to variability of growth and experimental errors involved in the different methods.
More importantly for the present discussion, tha, theory developed in the first part of this paper enables us to accurately describe the kinetics of DNA accumulation after a step-up on the basis oftwo assumptions (illustrated in Fig.  1 
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on October 27, 2017 by guest http://jb.asm.org/ Downloaded from them untenable. In this example, these additional replication forks must also prematurely terminate; moreover, this must occur at exactly the time when those other prematurely terminated forks would normally (without step-up) have completed their replication. As far as we can detect, therefore, there is no change in the initiation mass per origin after the step-up. This means the theory is an accurate representation of the events occurring in cultures during a transition between different replication velocities, and therefore it enables us to estimate replication velocities from measurements on exponentially growing cultures, after a dilution into fresh medium containing a different concentration of thymine. This procedure results in very little, if any, disturbance to the cells since the rate of mass increase is unchanged by the step-up (see also reference 6). This compares with the membrane elution technique, where the cells apparently have a shorter doubling time when grown on the membrane (4).
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